Introduction {#s1}
============

Tennis has evolved from a sport in which skill was the primary prerequisite for successful performance into a sport that also requires complex interaction of several physical components (ie, strength and agility) and metabolic pathways (ie, aerobic and anaerobic).[@R1] To target these traits and maximise individual improvements, as well as training efficiency, goals and content must be defined according to (1) a specific workload and the most important limiting performance factors and (2) individual technical and physical needs, in order to achieve an optimum cost--benefit ratio of training input. In this context, it is important to have enough basic and representative research to provide general guidelines, so that players and coaches obtain objective information about the players' physical performance. Thus, a general and individual adjustment of short-term and long-term training programmes is ensured, providing objective feedback and motivating coaches and players to work better.[@R2]

In the long-term athlete development structure, a basic precondition is the regular assessment of physical performance,[@R3] [@R4] which is also an integral part of sports science support for athletes. We can distinguish between single testing procedures and complex test batteries, and all measurements have to consider the specific criteria of proper testing, which are validity, reliability and objectivity.[@R3] Laboratory or field-based tests can be distinguished and seem to be fundamental elements in profiling athletes, and quantifying training adaptation and programme efficacy.[@R3] [@R5] [@R6] While laboratory tests are used to evaluate basic performance characteristics in most individual sports, field-based methods are better suited to the demands of complex intermittent sports like tennis, since the variability in energy system, muscle group and skill incorporated in their performance is difficult to replicate in the laboratory.[@R7] [@R8] Field tests seem to be more ecologically valid, allowing the testing of large numbers of participants simultaneously, they are generally easier to administer and can be used by practitioners as well as researchers.[@R2] [@R9] However, the testing surroundings in the laboratory show a higher standardisation and, therefore, coaches and scientists have to decide between a comparably higher validity and a lower but acceptable reliability (eg, specific field tests), compared with a lower validity and a correspondingly higher reliability (eg, laboratory tests).[@R8]

The development and application of physical tests in tennis should be integrated into a complex scientific approach, which can be used to construct a long-term sport-specific and individual training optimisation model ([figure 1](#BJSPORTS2013093152F1){ref-type="fig"}). A major first step in this model is the knowledge of the workload profile during competition, which could be defined as the description of the athletes' movement patterns combined with physiological demands (ie, heart rate (HR), sources of muscular energy). Thus, data obtained during tennis competition can be used as external criteria for the validation of tennis-specific tests and for the design of specific training interventions.[@R1] [@R10]

![Schematic representation of the sport-specific training optimisation model.](bjsports-2013-093152f01){#BJSPORTS2013093152F1}

Once a physical test or a test battery is standardised with representative data samples (eg, different levels of performance, age and sex groups), a statistical multiple regression approach should be applied using the national or international ranking position as external criteria to identify the most sensitive physical characteristics of performance.[@R14] [@R15] This systematic approach is directly related to the specificity training principle, which states that to target these performance characteristics or components, and elicit specific adaptations, training must be focussed on the desired elements of performance.[@R3]

At the final stage of the schematic representation of the sport-specific training optimisation model ([figure 1](#BJSPORTS2013093152F1){ref-type="fig"}), tennis players have to regularly complete a test battery, which allows an individual performance profiling, and an individual prescription of training. This process has to be repeated in a regular feedback loop, while adapting training interventions to obtain changes in physical performance.

In tennis, research has been conducted with athletes of various backgrounds (eg, age, sex, performance level, etc) using different testing protocols with the aim of identifying the most influential factors on performance (ie, ranking).[@R14] [@R16] However, there is general disagreement among the scientific community regarding the most important physical performance characteristics and useful tests in this sport. In the past few years, several protocols have been documented, mainly by national tennis federations,[@R19] trying to cover the complex profile of physical qualities, however, with the assessment of technical skills usually excluded. Thus, the aim of the present review is to describe and evaluate the different physical tests recommended and used by practitioners, sport scientists and institutions (national tennis federations). As selection criteria for the testing procedures, only tennis-specific field tests were initially selected, followed by intermittent sports-related tests, while laboratory tests are not described in detail. Since some of the different physical qualities allow a less specific approach for physical testing (eg, strength and power), some basic tests are also included. The search included articles published prior to 1 September 2013, as well as theses/dissertations completed and available by the same date, using the PubMed search engine (<http://www.pubmed.gov>). The search was conducted using the terms 'tennis' combined with 'test' as well and 'endurance, strength, power, speed, agility and range of motion (ROM)'. Reference lists from retrieved studies as well as official publications of the International Tennis Federation (ITF) and national tennis federations were also reviewed.

Physical demands during tennis play {#s1a}
-----------------------------------

Tennis match play is characterised by intermittent whole body efforts, alternating short (2--10 s) bouts of high-intensity exercise and short (10--20 s) recovery bouts interrupted by several resting periods of longer duration (60--90 s), with a typical average match time of 1.5 h, although in some cases it can last for more than 5 h.[@R1] [@R12] [@R22] After serving around 200 km/h, a tennis player runs an average of 3 m per shot and a total of 8--15 m with 3--4 changes of direction in the pursuit of one point, hitting the ball an average of 4--5 times and completing 1300 to 3600 m per hour of play, depending on the player\'s level (amateur or advanced) and court surface (slow or fast).[@R1] [@R22] Typically, players must react quickly and be exceptional movers not only in a linear direction, but also multidirectionally. Strength is required in muscles and joints for performance (ball velocity) and to reduce injuries (protection of joints), while an adequate ROM in the main joints (ie, rotator cuff muscles) seems to be essential for strokes and on-court movement.[@R22] [@R23] From a physiological perspective, during long and fast rallies, tennis elicits average HR of 70--80% of maximum (HR~max~), and peak values around 100% of HR~max~. Average oxygen uptake values correspond to approximately 50--60% of maximum oxygen consumption (VO~2max~), with values above 80% of VO~2max~ during intensive rallies.[@R1] [@R24] Thus, during match-play, demands alternate between energy provision for bouts of high-intensity work (via intramuscular phosphates and glycolysis) and replenishing energy sources and restoring homeostasis during the intervals in between (by oxidative metabolism).[@R25] Therefore, to be successful in competition and to tolerate intensive training demands,[@R1] tennis players need a mixture of speed, agility and power combined with medium-to-high aerobic and anaerobic capabilities, related to whole body muscle groups.

Aerobic endurance testing {#s1b}
-------------------------

As previously mentioned, valid approaches for endurance testing in tennis should include a physical workload profile analysed during competition. However, this complex approach may produce some problems in terms of practicability and reliability, as well as in the interpretation of results (eg, distinction between the different qualities of the underlying metabolic pathways). Thus, a look into the tennis literature concerning endurance testing provides an extreme variability of procedures, ranging from non-specific laboratory to more or less specific (semispecific) and tennis-specific field tests.[@R26]

Laboratory tests {#s1c}
----------------

Incremental exercise tests in the laboratory are generally accepted as a measure of aerobic power, and although they can be conducted on a variety of ergometers, a motorised treadmill is recommended for testing tennis players.[@R26] A wide range of test protocols with different characteristics (ie, incremental stage durations and intensities, rest intervals and number of stages) are described elsewhere.[@R27] The determination of VO~2max~ and blood lactate (La)-related thresholds are commonly used as general aerobic fitness markers of athletes,[@R7] [@R28] although sport scientists should maintain the testing protocol constant to guarantee an objective longitudinal comparison.

Field-based tests {#s1d}
-----------------

As an interesting alternative, laboratory-based incremental treadmill test protocols can be transferred to field conditions,[@R29] allowing groups of players (eg, all players of a national or regional squad) to run simultaneously (eg, on a 400 m track divided into sections) and follow an acoustic signal. For practical reasons (eg, club level; no technical or physiological measurements available), the Cooper 12 min Run Test could be useful,[@R30] although tests of this category are characterised by a lower reproducibility because of tactical and motivational aspects.[@R29] Other protocols such as the Montréal track test or the Vam-eval test were originally devised for running on a track following acoustic signals, providing an indirect estimation of VO~2max.~[@R31] [@R32] However, the lack of specificity of this mode of assessment (ie, continuous running) is not reflective of the intermittent nature of team and racket sports.

During the past two decades, efforts have been made to develop discontinuous incremental field tests based on shuttle-runs to improve the specificity of assessment modes. Their aim is to establish maximal aerobic power under acoustically controlled conditions for distance covered and running velocity.[@R33] These tests are validated by VO~2~ measurements, and the estimated VO~2max~ can be predicted by gender-related and age-related equations. Since tests include accelerations, decelerations and changes of direction, they can be categorised as semispecific. The 20 m multistage shuttle test (MSST; ie, multistage fitness test, beep-test or Léger test) consists of 20 m shuttle runs performed at increasing speeds, until exhaustion,[@R33] [@R34] and has become a standard field test, being part of the regular test battery of different national tennis federations (US Tennis Association (USTA), Tennis Australia).[@R19] [@R37] However, based on the demands of intermittent sports,[@R25] the relevance of these continuous tests has been questioned, leading to the development of more valid and reliable sport-specific tests like the Yo-Yo intermittent recovery (IR) and the 30--15 intermittent fitness tests (30--15IFT).[@R35] The Yo-Yo IR tests consist of 2×20 m shuttle runs at increasing speeds, interspersed with a 10 s period of active recovery (controlled by audio signals). Level 1 (Yo-Yo IR1) starts at a lower speed, which increases in speed being more moderate than for the level 2 (Yo-Yo IR2) test (IR1: 10 km/h, IR2: 13 km/h). The Yo-Yo IR1 test evaluates an individual\'s ability to repeat intermittent exercise with a higher aerobic component compared with the Yo-Yo IR2 test, which taxes the aerobic and anaerobic energy systems.[@R35]

In the 30--15IFT,[@R36] participants run 40 m shuttles for 30 s at a given velocity interspersed with 15 s of active recovery; running velocity for the work bouts is progressively increased with each run (0.5 km/h). Owing to reliability and accuracy of the final running speed measured for individualising players' training intensity, this protocol is becoming widely used when undertaking interval running conditioning in intermittent sports.[@R38] [@R39]

In tennis, the use of these semispecific field tests (MSST, Yo-Yo IR and 30--15IFT) seems to be a good recommendation although, to the best of our knowledge, there is almost no scientific information regarding their use in tennis-specific settings, and just some normative values for the MSST are offered from national tennis federations.[@R19] [@R37] Moreover, it has to be pointed out that, in all presented tests, the respective running distances, movement characteristics and muscle groups involved still offer considerable differences compared with the tennis-specific workload profile.

To close the remaining gap, tennis researchers endeavour to develop more specific protocols. Two major qualities seem to make the difference between a semispecific and a specific endurance test in tennis: (1) the use of the tennis court dimensions and (2) the combination of specific footwork and hitting actions. During the past decade, different protocols have been published with an acceptable accuracy under standardised conditions.[@R7] [@R8] [@R40] Weber and Hollmann[@R45] were the first authors describing an incremental on-court exercise test for assessing aerobic power in tennis players. The particular component for the standardisation of this test was the use of a ball-throwing machine, which projected balls alternatively to the right and the left corners of the baseline. Players had to hit alternating forehands and backhands in a prescribed pattern (ie, ball velocity, flying height and landing points).[@R40] [@R45] The intensity of the incremental test protocol is controlled by adjusting ball frequency ([figure 2](#BJSPORTS2013093152F2){ref-type="fig"}).

![Schematic setting for a tennis-specific endurance field test.[@R42] [@R44] [@R45]](bjsports-2013-093152f02){#BJSPORTS2013093152F2}

Based on this initial approach, and with some methodological differences, several test protocols assessing various physiological and skill performance criteria have been developed, all of them using a ball-throwing machine,[@R41] although most of them require expensive equipment (ie, ball machine, radar measurements). Moreover, the underlying testing criteria (rhythm, direction and velocity of the ball feeding) and player movement characteristics (strokes, running details) are difficult to standardise. Thus, they are not routinely used and no reliable and representative comparisons between tennis populations can be made.[@R29]

To enhance reproducibility and practicability (ie, no expensive equipment is required), two different approaches have been published (the Girard Test and the Hit & Turn Test).[@R7] [@R8] [@R46] Both protocols follow an incremental protocol to exhaustion, including tennis footwork and stroke simulation, with movement velocities and directions controlled by visual or acoustic feedback.[@R7] [@R8] Test stages are of 40--50 s in duration and interspersed by 10--20 s of rest ([figure 3](#BJSPORTS2013093152F3){ref-type="fig"}), with some differences in the protocols. Running direction, movement technique and stroke position are more variable and partly uncertain during the Girard Test compared with the Hit & Turn Test. This ensures a closer approach to real tennis but complicates test preparation and execution. In both cases, it should be emphasised that stroke quality is far removed from reality and individual differences exist. This has to be considered, since it was shown that the upper limb work contributes considerably to the overall energetic demand in tennis.[@R47] Regarding the practical use of these tests, the Hit & Turn Test already offers age-related and sex-related normative values (see [tables 1](#BJSPORTS2013093152TB1){ref-type="table"} and [2](#BJSPORTS2013093152TB2){ref-type="table"}).[@R21]

###### 

Example of the physical qualities assessed in the test battery used by the DTB as well as average values and SDs for U12 to U18 male players

  Male players                                                                                     
  --------------------------- ------------------------- ------------- ------------- -------------- -----------
  Anthropometry               Height (cm)               149.6±7.8     160.5±8.3     174.1±7.4      181.5±5.7
  Weight (kg)                 38.5±5.8                  47.2±7.9      60.6±8.7      71.9±7.3       
  BMI                         17.1±1.4                  18.2±1.7      19.9±1.9      21.8±1.5       
  Strength and power          Grip strength\* (kg)      21.6±3.8      28.3±6.2      39.7±8.9       49.8±7.7
  CMJ (cm)                    28.9±3.8                  31.0±4.2      36.5±4.4      39.9±4.1       
  Medicine ball throw† (cm)   524.2±81.7                635.3±119.7   875.2±152.8   1090.1±163.2   
  Service velocity (km/h)     121.5±9.3                 137.7±11.9    160.1±12.2    176.9±10.8     
  Speed and agility           10 m (s)                  2.04±0.07     1.96±0.11     1.85±0.11      1.77±0.11
  20 m (s)                    3.64±0.19                 3.47±0.16     3.25±0.17     3.09±0.12      
  Shuttle sprint FH (s)       3.06±0.12                 2.96±0.16     2.77±0.14     2.72±0.14      
  Shuttle sprint BH (s)       3.16±0.16                 3.08±0.17     2.90±0.22     2.86±0.15      
  Endurance                   Hit & Turn Test (level)   12.4±2.0      14.1±2.0      16.3±1.8       17.7±1.8

\*Dominant hand. †Overhead medicine ball.

BH, backhand; BMI, body mass index; CMJ, countermovement jump; DTB, German Tennis Federation; FH, forehand.

###### 

Example of the physical qualities assessed in the test battery used by the DTB as well as average values and SDs for U12 to U18 female players

  Female players                                                                                 
  --------------------------- ------------------------- ------------ ------------- ------------- -----------
  Anthropometry               Height (cm)               149.5±6.4    160.5±6.9     167.3±5.8     171.5±6.5
  Weight (kg)                 38.1±6.4                  48.7±7.2     57.5±6.7      63.4±6.3      
  BMI                         17.0±1.9                  18.8±1.8     20.5±1.9      21.5±1.7      
  Strength and power          Grip strength\* (kg)      20.6±4.1     27.4±5.2      32.1±4.0      35.7±5.0
  CMJ (cm)                    28.6±4.0                  29.8±3.8     31.1±3.6      31.1±3.9      
  Medicine ball throw† (cm)   505.5±92.1                611.2±96.2   709.8±105.7   788.3±124.8   
  Service velocity (km/h^)^   112.2±9.2                 127.8±10.6   142.3±10.3    150.9±8.3     
  Speed and agility           10 m (s)                  2.03±0.09    1.98±0.08     1.96±0.15     1.96±0.09
  20 m (s)                    3.61±0.14                 3.5±0.14     3.41±0.14     3.38±0.19     
  Shuttle sprint FH (s)       3.11±0.13                 2.99±0.13    2.88±0.11     2.88±0.13     
  Shuttle sprint BH (s)       3.21±0.16                 3.12±0.15    3.03±0.17     3.05±0.14     
  Endurance                   Hit & Turn Test (level)   11.8±2.0     12.7±1.9      13.8±1.9      14.3±1.8

\*Dominant hand. †Overhead medicine ball. BH, backhand; BMI, body mass index; CMJ, countermovement jump; DTB, German Tennis Federation; FH, forehand.

![Progressive test design with the beep time intervals.[@R8] BH, backhand; FH, forehand.](bjsports-2013-093152f03){#BJSPORTS2013093152F3}

Anaerobic endurance testing {#s1e}
---------------------------

Since the direct measurement of anaerobic ATP production is difficult, several indirect methods of measuring anaerobic ATP turnover have been developed, including the measurements of (1) muscle metabolites by muscle biopsy, (2) blood La production during supra-maximal exercise, (3) the maximum accumulated oxygen deficit (MAOD) and (4) the amount of work or power output during short-duration maximal exercise.[@R48] Additional insights into ATP and phosphocreatine (PCr) muscle metabolism can be obtained through the use of 31P-magnetic resonance spectroscopy.[@R49] Although the MAOD test has been accepted as the gold standard to determine anaerobic capacity,[@R50] no information is available regarding its use as part of a tennis endurance performance assessment.

Laboratory tests {#s1f}
----------------

Owing to its practicability, in most sports, the assessment of peak power output determined by the 30 s Wingate Test has been used as a basic anaerobic test,[@R51] despite the knowledge that short-duration exercise tests (\<60 s) are inadequate at exhausting anaerobic energy systems.[@R48] Regarding its use in tennis, the validity of a cycling test should be questioned,[@R52] especially considering that no correlation between the ranking and the maximal power and work output assessed by the 30 s Wingate Test was shown in elite junior female tennis players.[@R53]

The use of power output measurements with non-motorised treadmills seems to be a future option for intermittent sports,[@R54] with protocols proposed including single or multiple sprints (eg, 6--10 consecutive 6--10 s sprints interspersed with 15--180 s recovery).[@R57] However, to estimate the potential of non-motorised treadmill testing as a means of anaerobic laboratory assessment in tennis, research using different protocols is necessary.

Field-based tests {#s1g}
-----------------

Classical anaerobic field tests include the step-running test, or the measure of maximal La production during one all-out sprint over an established distance (eg, 80, 100 or 200 m).[@R58] [@R59] However, a more specific approach for anaerobic testing consists in the measurement of repeated sprint ability (RSA).[@R60] RSA is usually determined by using running protocols with several repeated short sprints (eg, 6--10×5--6 s or 20--40 m) interspersed with brief recovery periods (eg, 10--30 s),[@R25] [@R61] although protocols can also be conducted in a laboratory setting (ie, bike ergometer). Since multiple metabolic and neuromuscular factors (ie, PCr availability, anaerobic glycolytic flow, etc) are responsible for RSA, a clear classification of RSA as an anaerobic field test is questioned.[@R61] Assessments of RSA generally provide two performance indices: (1) the overall test performance (eg, total sprint time or work (s or kJ); mean sprint time or power (s or W); best sprint time (s)) and (2) percentage decrement scores.[@R25] Some protocols calculate a fatigue index (ie, change from the first to the last or from the best to the worst sprint); however, the percentage decrement score (ie, ((mean sprint time/best sprint time)×100)---100) is a more valid and reliable measure of fatigue for RSA.[@R60] It has been suggested that anaerobic power scores are major determinants of overall RSA performance (eg, repeated mean power or speed) and that aerobic capacity is closely associated with the percentage decrement scores between the sprints.[@R60]

The use of RSA tests in tennis is scarce, with just some information about different protocols and normative values. Tennis Australia recommends 10×20 m with 20 s rest, with two performance scores: the real accumulated sprint time in seconds and the percent decrement score.[@R37] A more tennis-specific test, including 10×∼20 m shuttle sprints, was used in a recent study,[@R63] with mean time and per cent decrement as the main performance measurements.

In the context of RSA testing, several aspects should be highlighted. Athletes usually develop pacing strategies throughout the test and, therefore, potentially do not exert a maximal effort.[@R2] Furthermore, the performance score selection seems to be difficult, with the total accumulated sprint time being more reliable than the decrement scores.[@R64] Since the total accumulated sprint time is almost perfectly correlated with the best sprint time,[@R65] a simple 20 m sprint may be enough, being more practical and less demanding for the athletes. However, more research is needed to clarify this issue.

Strength and power testing {#s1h}
--------------------------

The modern game of tennis has evolved to a current fast-paced, explosive sport based on strength and power.[@R1] [@R66] [@R67] Maximal strength is defined as the result of force-producing muscles performing maximally, either in isometric or dynamic patterns during a single voluntary effort of a defined task.[@R68] Power production is the product of force and velocity and is probably the most important factor in determining success in many sports. Thus, the 'ability to generate force (strength) ' is an integral part of power production and, therefore, may be a key component in determining athletic success.[@R69] Moreover, strength and power can represent specific or independent qualities of neuromuscular performance and, therefore, can be assessed and trained independently.[@R70]

Laboratory tests {#s1i}
----------------

### Maximum strength tests {#s1i1}

Isometric testing for maximum voluntary strength has been used in different contexts with a variety of testing protocols. Several hand-held dynamometers (ie, hip abduction, shoulder, hand, etc) or stationary machines (eg, bench press or squat machine), usually working with force transducers, are available to assess isometric strength (in Newtons (N)) in different muscle groups.[@R71] Isometric testing protocols are also used to measure the ability to develop force rapidly, referred to as the rate of force development, being an important performance indicator.[@R69] However, research has questioned the validity of isometric assessments, given poor correlations between isometric test outcomes and dynamic performance.[@R74] In order to assess the asymmetry between the dominant and non-dominant hand in the tennis player,[@R75] [@R76] the handgrip strength measurement is widely used, due to its simplicity, low cost and technique reproducibility.[@R77] In the past few years, age-related and sex-related normative values have been reported for tennis players ([tables 1](#BJSPORTS2013093152TB1){ref-type="table"} and [2](#BJSPORTS2013093152TB2){ref-type="table"}).[@R21]

Dynamic strength can be assessed in a variety of ways using an assortment of testing equipment (ie, free weights or fixed resistance machines). Traditionally, performance-related changes in maximal voluntary dynamic strength capabilities have been assessed using one-repetition maximum (1RM; the maximal amount of weight that can be lifted in one repetition) test protocols. The use of free weights is usually the most accurate way in determining functional strength in a sport-specific context,[@R78] as the athlete has a greater freedom of movement. However, such procedures may not be easy to control, as athletes need to be proficient in the movement patterns and able to handle maximal loads. Other measures such as the 3RM, 5RM, 10RM and the maximum number of repetitions that can be performed at a fixed resistance can also be determined, although it is important to take into account the body mass or using different formulas depending on the sport (ie, Wilks formula).[@R79] The rationale for maximal tests is that an increase in maximal strength is usually connected with an improvement in relative strength and, therefore, with improvement of power abilities.[@R68] In female tennis players, ball velocities of the serve, forehand and backhand strokes have been moderately correlated to 1RM military press, but not to bench press performance.[@R15] This relationship between maximal strength and performance is also supported by jump test results, as well as sprint times over 10--30 m in other intermittent sports.[@R2] [@R78] [@R80] Although the 1RM is the standard for determining isotonic strength, determining 1RM values for large groups is very time consuming and has been suggested to expose those being tested to increased injury risk. Therefore, the use of single set tests in which 1RM values are predicted based on the number of repetitions performed with a submaximal weight has been recommended.[@R81] The use of these measurements in tennis is scarce, with little information about different protocols as well as normative values extracted from some national tennis federations.[@R37]

### Isokinetic strength tests {#s1i2}

Isokinetic measurements, which are used to measure force/torque outputs at a constant angular velocity throughout the test movement, and typically using open kinetic chain exercises, have been extensively utilised in the field of evaluation and rehabilitation of sports injuries.[@R82] The rationale for their use is that several throwing motions like the tennis serve and groundstrokes are open kinetic chain movements of the upper extremities, and the use of open kinetic chain muscular strength assessments allow for isolation of particular muscle groups, commonly affected by pathological changes (eg, rotator cuff injuries).[@R83] Moreover, isokinetic testing allows for obtaining unilateral strength ratios, bilateral comparisons or relative fatigue ratios in important sport-specific muscle groups (ie, external/internal rotators).[@R82] Although the majority of tennis studies that report isokinetic data used these measures to assess the effectiveness of training techniques rather than as a predictor of performance,[@R84] several studies showed different correlations with performance. Perry *et al*[@R88] found positive correlations between peak torque for different motions (ie, overhead, diagonal) and stroke velocity (ie, serve, forehand). Consistent with this, several studies showed that the trunk rotation and flexion strength of elite junior players were correlated with forehand and backhand medicine ball throwing distance,[@R89] [@R90] while Cohen *et al*[@R84] revealed a positive association between serving velocity and peak isokinetic elbow extension torque. However, other studies have observed low correlations between different leg, shoulder and wrist strength measures and serving speed in similar playing populations.[@R91] The fact that most functional activities have angular velocities far exceeding the capabilities of isokinetic dynamometers suggest that isokinetic assessment techniques are only one part of the evaluation and, if necessary, rehabilitation process. Therefore, other strength measurements should be included in the testing procedures for tennis players. Moreover, the access to these technologies is difficult and expensive, making the testing process difficult.

### Power assessment {#s1i3}

Power is generally tested using isoinertial protocols with resistance loads.[@R92] Squat jumps and countermovement jumps are commonly used for the lower body, while bench throws or bench pulls, with varying inertial loads, are used for the upper body.[@R69] Assessments typically employ apparatus such as a Smith machine, with position transducers included into the device used to quantify mechanical power output (in N). The load at which peak power output is achieved, termed P~max~, has been used as a performance measure in different intermittent sports. Values appear to relate only to the training movement tested and more related to power-based sports such as rugby or American football.[@R92]

Field-based tests {#s1j}
-----------------

The vertical jump is a common action in most sports and is biomechanically similar to various acceleration and game-related dynamic movements. It would, therefore, appear valid to include some form of vertical-jump assessment to evaluate explosive power in tennis. Assessments can be carried out in the laboratory, if kinetic measurements are needed (ie, with a force platform), although in terms of practicability, these tests are usually conducted in the field using contact mats to obtain basic measurements like contact and flying times. The strong correlations observed between sprint times (eg, 10 and 20 m sprints) and vertical jumps (eg, power during countermovement jump and drop jumps) in previous research[@R15] [@R93] underline the importance of muscle strength and power in the lower extremities to produce explosive actions in tennis players.[@R67]

Regarding upper-body power, medicine ball tests (ie, overhead throw; [figure 4](#BJSPORTS2013093152F4){ref-type="fig"}) seem to be useful for tennis players, as they show high external validity, because they involve the coordination of body segments (ie, kinetic chain) and allow generation, summation, transfer and regulation of forces from the lower body to the upper body, which is similar to tennis strokes.[@R94] Moreover, previous research showed significant correlations between ball toss and strength (ie, isokinetic trunk rotation; individual values of velocity at 30% of 1RM bench press),[@R95] [@R96] as well as serve velocity,[@R97] suggesting that these tests are fundamental indicators of whole body explosive power regardless of throwing technique.[@R96] Thus, the use of vertical jump tests and medicine ball throws has been part of the regular testing of tennis players in different national tennis associations[@R21] [@R37] ([tables 1](#BJSPORTS2013093152TB1){ref-type="table"} and [2](#BJSPORTS2013093152TB2){ref-type="table"}).

![Examples of medicine ball throws (overhead throw (pictures 1 and 2) and forehand side throw (picture 3)).](bjsports-2013-093152f04){#BJSPORTS2013093152F4}

### Tennis-specific tests {#s1j1}

Since sport-specific technical skills are predominant factors (eg, stroke skills) in tennis, the most appropriate tests seem to be those measuring serve and groundstrokes velocities.[@R98] In this regard, the tennis serve velocity test appears to show high external validity in terms of its relationship with tennis functional performance, as it is a basic action relying on multiple body segments to produce power through properly timed rotations and complex coordinated muscular activations.[@R94] Moreover, it has been considered the most stable and predictable measure of on-court tennis performance,[@R88] [@R66] with recent data showing medium-to-large correlations with individual rankings in male and female players (ie, from U14 to U18).[@R21] [@R97] Previous research also showed reliable and valid tests aiming to assess performance of groundstrokes in low-level to intermediate-level tennis players.[@R99] [Figure 5](#BJSPORTS2013093152F5){ref-type="fig"} shows the representation of a serve performance test.[@R98] [@R100] [@R101] Serve velocity is measured with a radar gun positioned behind the server. The highest speed recorded is used for analysis. The intertrial reliability for serve velocity ranges between 3·2% and 3·5%.[@R98] [@R100] Serve accuracy is determined by counting the number of times the ball landed within the designated target perimeter. Participants serve from the deuce court and are instructed to 'serve first serves flat and down the T' (centre line). Shots landing within target areas are ranked according to a 3, 2, 1, scoring system. Balls landing outside the perimeter of the target areas (ie, errors) received a score of 0. A total score is recorded for each trial.

![A schematic representation of the serve performance test and target area dimensions.](bjsports-2013-093152f05){#BJSPORTS2013093152F5}

Speed and agility testing {#s1k}
-------------------------

In tennis, speed comprises the ability to move at high velocity in a variety of directions, and often not in a straight line. Players not only need to be exceptional movers in a linear direction (ie, acceleration), but also laterally and multidirectionally. Speed has been defined as the rate of change of distance with respect to time, whereas acceleration is the rate of change in speed with respect to time.[@R69] Owing to constant changes of direction, players are not able to achieve maximal running speeds (ie, obtained between 30 and 60 m in a straight line sprint). Therefore, acceleration and deceleration seem to be fundamental for tennis players.

Field-based tests {#s1l}
-----------------

### Linear sprints {#s1l1}

Owing to its good reproducibility, the 20 m sprint test, with splits at 5 and 10 m, is used as a general measure of linear acceleration and speed. Speed scores over 5 m have been employed to measure 'first-step quickness', while split times over 10--15 m are often used to evaluate acceleration ability.[@R69] In tennis, although the distances of 5 and 10 m are most specific to those covered in any one effort during a match, the evaluation of speed over 20 m can be informative[@R37] ([tables 1](#BJSPORTS2013093152TB1){ref-type="table"} and [2](#BJSPORTS2013093152TB2){ref-type="table"}). The 20 m sprint test is usually included in the regular testing of national federations.[@R21] [@R37] Assessments are conducted using electronic timing gates, as they offer higher degrees of accuracy and reliability than stopwatch-recorded times.

### Agility assessment {#s1l2}

'Agility' is defined as a rapid whole-body movement with change of velocity or direction in response to a stimulus.[@R102] Previous research showed that straight-line sprinting and change of direction tests typically show a limited statistical relationship,[@R103] suggesting that acceleration, maximum speed and change of direction are distinct and separate abilities. Furthermore, correlations between measures of these abilities decrease markedly when any sport skill component is incorporated into the agility test.[@R102] A wide variety of tests that measure change of direction ability are employed in different sports and could be used in tennis. Protocols differ in terms of complexity and duration.[@R104] The tests which are considered the most valid for use in intermittent sports are the '5--0--5 test', in which the player turns once to sprint 5 m back to the start line, and the 'Illinois agility test', that features multiple slalom cuts through cones and 180° turns.[@R102] Both tests show positive correlations with acceleration measurements.[@R105] A common test used in tennis as a measure of agility is the 'hexagon test', in which participants have to jump (double-leg hopping) from the centre of an hexagon drawn on the ground, over each side and back to the centre.[@R106] Although it is reliable, there is no scientific information about its relationship with other agility tests, as well as with general speed measurements.

Since tennis is a complex sport in terms of movements and there are only a few studies analysing speed and agility components in tennis players, it is difficult to present specific tests. Change of direction tests have been modified to incorporate a simple reaction component to the movement task, so that the movement is executed in response to an external cue. The time recorded by the athlete on tests of this type represents a combination of reaction time and the time taken to complete the movement task.[@R107] Cooke *et al*[@R108] designed a test using an electronic timing system with programmable light stimuli in which the athlete had to move as quickly as possible from the baseline to three different gates in reaction to light signals ([figure 6](#BJSPORTS2013093152F6){ref-type="fig"}). A contact mat acted as a switch turning on the light on a random gate. On reaching the gate, the player was instructed to step over a line marker placed 30 cm beyond the gate and then return to the contact mat and repeat for a total of three gates.

![Planned and reactive agility test setup from Cooke *et al.*[@R108] Light cells: C, contact mat; P, player.](bjsports-2013-093152f06){#BJSPORTS2013093152F6}

More recently, Ulbricht *et al*[@R21] designed a tennis-specific sprint test ([figure 7](#BJSPORTS2013093152F7){ref-type="fig"}) with the use of a twofold signal panel with two light-emitting diodes (right-left). The player stands with his racket in a frontal position in the middle of the baseline. By activating one diode of the signal panel, the time is initiated, and players turn and run in a straight line to the prescribed corner, perform a stroke simulation against a ball pendulum and return to the initial position. Each player performs two maximal repetitions to each side, interspersed with 90 s rest of passive recovery and the fastest time achieved is recorded. The intraclass correlation coefficient obtained for this test was 0.94.[@R21]

![Tennis-specific sprint test.[@R21] Light cells: BP, ball pendulum; P, player; SP, signal panel.](bjsports-2013-093152f07){#BJSPORTS2013093152F7}

Musculoskeletal testing {#s1m}
-----------------------

General musculoskeletal assessment protocols comprise static measurements and clinical examinations of joint integrity and ROM (eg, passive assessment).[@R23] These assessments are widespread practice with the dual goal of injury prevention and performance enhancement. In general, tests of ROM and muscle flexibility are recommended to identify players at risk of muscle strain injury.[@R23] Since injuries in tennis can involve all the areas of the body, the application and use of a comprehensive musculoskeletal examination using a series of tests throughout the entire body is recommended.[@R12] [@R109] The USTA Sport Science Committee developed a test battery (High Performance Profile) which was recommended for use by competitive players, although there are no published normative values yet.[@R23] The high performance profile comprises 10 tests, which have been shown to be valid and reliable in athletes (eg, shoulder internal and external ROM at 90° abduction, straight leg raise test).[@R110]

In recent years, movement-based protocols have become more popular, together with the use of standard musculoskeletal assessments. The Functional Movement Screen (FMS) is a relatively new tool that attempts to address multiple movement factors, with the goal of predicting general risk of musculoskeletal conditions and injuries.[@R114] [@R115] The FMS consists of seven fundamental movement component tests (ie, deep squat, in-line lunge and hurdle step) that are scored on a scale of 0--3, with the sum creating a composite score ranging from 0 to 21 points. Based on recent research,[@R116] FMS is found to show good reliability and appears to be a valid method to detect deficits in gross movement quality and identify movement asymmetries. However, to date, there are no published normative values regarding the use of FMS with athletes, and only isolated studies provided data regarding young active population.[@R119] This could help coaches interpret the raw data collected during testing and, therefore, future research is recommended to further refine and validate the FMT as a screening tool that can be used in multiple sporting settings, including tennis.

Practical applications {#s1n}
----------------------

The use of a regular fitness testing in tennis provides framework for the development of an individualised database and a more efficient programme of the physical fitness training, especially in junior players. Based on the test selection criteria previously presented, [tables 1](#BJSPORTS2013093152TB1){ref-type="table"} and [2](#BJSPORTS2013093152TB2){ref-type="table"} summarise the most appropriate tests for tennis players, with age and sex group average values of the test battery conducted by the German Tennis Federation (DTB) twice a year since 2009.[@R21] [@R97] With the results obtained from the testing protocols and the normative values ([tables 3](#BJSPORTS2013093152TB3){ref-type="table"} and [4](#BJSPORTS2013093152TB4){ref-type="table"}), coaches and physical trainers can develop individual profiles of the players, based on age and sex group percentiles ([table 5](#BJSPORTS2013093152TB5){ref-type="table"}), with their respective strengths and weaknesses. This would lead to a more efficient design of physical training programmes, saving time for the tennis-specific training.[@R21]

###### 

Reference values based on the percentiles established for male players participating in the DTB testing

  Male players                                                                                                               
  -------------------- ---------- ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------
  U12                                                                                                                        
   Needs improvement   \<22       \<520        \<29.1       \<130        \>2.05       \>3.62       \>3.07       \>3.16       \<13
   Average             22--23     520--540     29.1--29.9   130--132     2.05--2.03   3.62--3.59   3.07--3.02   3.16--3.13   13--13.5
   Good                23--25.2   540--602     29.9--32.3   132--138     2.03--1.96   3.59--3.48   3.02--2.95   3.13--3.08   13.5--14.9
   Excellent           \>25.2     \>602        \>32.3       \>138        \<1. .96     \<3.48       \<2.95       \<3.08       \>14.9
  U14                                                                                                                        
   Needs improvement   \<27       \<640        \<31         \<143        \>1.97       \>3.47       \>2.94       \>3.07       \<14
   Average             27--29     640--670     31--32.1     143--146     1.97--1.94   3.47--3.42   2.94--2.91   3.07--3.04   14--14.5
   Good                29--33     670--729     32.1--34.7   146--154     1.94--1.89   3.42--3.34   2.91--2.83   3.04--2.96   14.5--15.9
   Excellent           \>33       \>729        \>34.7       \>154        \<1.85       \<3.34       \<2.83       \<2.96       \>15.9
  U16                                                                                                                        
   Needs improvement   \<40       \<890        \<36.5       \<169        \>1.85       \>3.24       \>2.76       \>2.92       \<16.9
   Average             40--43     890--920     36.5--37.6   169--172     1.85--1.82   3.24--3.22   2.76--2.73   2.92--2.87   16.9--17.1
   Good                43--49     920--1004    37.6--39.4   172--179     1.82--1.78   3.22--3.11   2.73--2.65   2.87--2.80   17.1--18
   Excellent           \>52       \>1004       \>39.4       \>179        \<1.78       \<3.11       \<2.65       \<2.80       \>18
  U18                                                                                                                        
   Needs improvement   \<50       \<1080       \<40.1       \<184        \>1.78       \>3.08       \>2.72       \>2.84       \<18
   Average             50--53     1080--1140   40.1--41.3   184--186     1.78--1.76   3.08--3.05   2.72--2.67   2.84--2.79   18--18.6
   Good                53--58     1140--1260   41.3--42     186--193.2   1.76--1.71   3.05--2.98   2.67--2.58   2.79--2.70   18.6--19.4
   Excellent           \>58       \>1260       \>42         \>193.2      \<1.71       \<2.98       \<2.58       \<2.70       \>19.4

CMJ, countermovement jump; DTB, German Tennis Federation; GS, grip strength dominant hand; H&T, Hit and Turn; MB, overhead medicine ball throw (2 kg); SPb, shuttle sprint to the backhand; SPf, shuttle sprint to the forehand; SV, serve velocity.

###### 

Reference values based on the percentiles established for female players participating in the DTB testing

  Female players                                                                                                           
  -------------------- ---------- ---------- ------------ ------------ ------------ ------------ ------------ ------------ ------------
  U12                                                                                                                      
   Needs improvement   \<21.5     \<520      \<27.9       \<120        \>2.03       \>3.61       \>3.11       \>3.22       \<12
   Average             21.5--22   520--538   27.9--29.5   120--123     2.03--2.01   3.61--3.57   3.11--3.06   3.22--3.17   12--12.4
   Good                22--24     538--570   29.5--32.3   123--126     2.01--1.96   3.57--3.50   3.06--2.98   3.17--3.12   12.4--13.5
   Excellent           \>24       \>570      \>32.3       \>126        \<1.96       \<3.50       \<2.98       \<3.12       \>13.5
  U14                                                                                                                      
   Needs improvement   \<27       \<610      \<29.8       \<136        \>1.99       \>3.50       \>2.99       \>3.12       \<13
   Average             27--29     610--646   29.8--30.5   136--139     1.99--1.96   3.50--3.45   2.99--2.92   3.12--3.08   13--13.4
   Good                29--32     646--710   30.5--33     139--145     1.96--1.91   3.45--3.38   2.92--2.87   3.08--2.99   13.4--14.6
   Excellent           \>32       \>710      \>33         \>145        \<1.91       \<3.38       \<2.87       \<2.99       \>14.6
   Needs improvement   \<33       \<720      \<31.7       \<152        \>1.95       \>3.40       \>2.87       \>3.01       \<14
  U16                                                                                                                      
   Average             33--33.6   720--740   31.7--32.6   152--153.2   1.95--1.92   3.40--3.36   2.87--2.85   3.01--2.98   14--14.6
   Good                33.6--36   740--810   32.6--34.2   153.2--161   1.92--1.88   3.36--3.29   2.85--2.78   2.98--2.90   14.6--16
   Excellent           \>36       \>810      \>34.2       \>161        \<1.88       \<3.29       \<2.78       \<2.90       \>16
   Needs improvement   \<36       \<810      \<31         \<157.5      \>1.95       \>3.37       \>2.86       \>3.00       \<15
  U18                                                                                                                      
   Average             36--38     810--830   31--32.3     157.5--160   1.95--1.93   3.37--3.33   2.86--2.82   3.00--2.98   15--15.3
   Good                38--40     830--940   32.3--35.4   160--165.2   1.93--1.87   3.33--3.24   2.82--2.75   2.98--2.93   15.3--16.8
   Excellent           \>40       \>940      \>35.4       \>165.2      \<1.87       \<3.24       \<2.75       \<2.93       \>16.8

CMJ, countermovement jump; DTB, German Tennis Federation; GS, grip strength dominant hand; H&T, Hit and Turn; MB, overhead medicine ball throw (2 kg); SPb, shuttle sprint to the backhand; SPf, shuttle sprint to the forehand; SV, serve velocity.

###### 

Example of percentiles established for U14 male players based on the DTB test battery

  Physical tests                                                                                   
  ---------------- ------- ------ ------ ------ ------ ------- ------- ------ ------ ------ ------ ------
  Percentiles                                                                                      
   10              150.6   38.2   16.0   22.0   26.2   491.0   124.1   1.85   3.25   2.77   2.87   11.6
   20              153.2   40.3   16.6   23.0   27.3   530.0   127.8   1.89   3.34   2.83   2.96   12.8
   30              155.5   42.7   17.3   25.0   28.5   563.0   131.8   1.93   3.39   2.88   2.99   13.2
   40              157.5   44.1   17.7   26.0   29.7   600.0   134.7   1.94   3.42   2.91   3.04   14.0
   50              160.0   45.7   18,0   27.0   30.6   635.0   136.3   1.97   3.47   2.94   3.07   14.0
   60              161.8   47.7   18.5   28.0   32.0   668.0   138.0   1.99   3.51   2.99   3.11   14.7
   70              163.6   50.6   19.0   30.0   33.2   688.5   142.9   2.01   3.56   3.03   3.16   15.0
   80              167.5   53.3   19.7   33.0   34.6   718.0   146.8   2.04   3.60   3.09   3.21   15.6
   90              172.5   58.7   20.4   37.0   36.4   770.0   154.3   2.09   3.68   3.18   3.29   17.0

BMI, body mass index; CMJ, countermovement jump; DTB, German Tennis Federation; GS, grip strength dominant hand; H&T, Hit and Turn; MB, overhead medicine ball throw; SPb, shuttle sprint to the backhand; SPf, shuttle sprint to the forehand; SV, serve velocity.
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